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The pulsed ion sources used in conventional time-of-flight mass spectrometry (TOFMS) gen- 
erally do not provide adequate resolving power across the mass range required for applica- 
tions such as gas chromatography combined with mass spectrometry (GUMS). Theoretical 
and experimental aspects of beam deflection techniques, which provide time encoding for 
TOFMS with continuous ions sources, are explored here. In this approach, ion source condi- 
tions do not affect resolving power, allowing for a greater variety of ionization modes to be 
used. Theoretical predictions for the resolving power attainable with beam deflection, which 
are satisfactory for GUMS applications, agree well with experimentally determined values. 
The combination of GC-beam deflection-TOFMS with time-array detection is evaluated, and 
the capabilities of this system are compared to those of scanning mass spectrometers. (1 Am 
Sot Mass Spectrom 2990, 1, 440447) 
A 
11 varieties of time-of-flight (TOF) mass spec- 
trometers share a need for synchronized ion 
packet production. The departure of ion pack- 
ets from the ion source serves to indicate the start- 
ing times for ion velocity measurements, and the di- 
mension of the ion packet determines mass resolving 
power. Although most TOF mass spectrometers make 
use of so-called pulsed ion sources (i.e., ion sources 
that generate ion packets directly), there are a number 
of circumstances in which it is desirable to use sources 
that produce ions continuously. Beams produced by 
these “continuous ion sources,” which are similar to 
sources used in magnetic sector and quadrupole mass 
spectrometers, are spatially modulated as described 
below to create the desired ion packets for TOF mass 
analysis. 
A theoretical treatment of beam modulation tech- 
niques in nuclear physics appeared in 1960 [l], and in 
1973 many theoretical considerations for beam modu- 
lation in TOF mass spectrometry (TOFMS) were el- 
egantly described by Bakker [2]. Shortly thereafter, 
Bakker reported the construction of a beam modu- 
lation TOF mass spectrometer and an experimental 
confirmation of the theory [3]. Various other TOF in- 
struments incorporating beam modulation have since 
been reported, including those of Pinkston et al. [4], 
Glish and Goeringer [5], and Eckeruode et al. [6]. A 
beam modulation ion source was also developed for 
the early Bendix TOF spectrometers by Futrell and co- 
workers [7, 81. In addition, a similar technique has 
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been used in a tandem TOF mass spectrometer to se- 
lect parent ions prior to a second stage of mass analysis 
[9]. The “orthogonal-acceleration” TOFMS instrument 
recently described by Dawson and Guilhaus [lo] incor- 
porates beam-deflection in the broadest sense, but the 
operating principle of orthogonal acceleration differs 
sufficiently from conventional beam-modulation tech- 
niques to exclude its discussion in this work. 
Ion packet production by modulation of a con- 
tinuous beam eliminates some of the difficulties en- 
countered with more conventional pulsed-source tech- 
niques, particularly when gaseous samples such as 
those encountered in gas chromatography combined 
with mass spectrometry (GUMS) are ionized. With 
pulsed ion sources, three patterns of ion behavior 
can lead to decreased mass resolving power [ll, 121. 
The distribution of initial positions of ions within the 
source, especially important for gaseous samples, and 
the distribution of initial ion velocities both lead to a 
spread in final kinetic energy. This spread in kinetic 
energy leads to a distribution of arrival times for iso- 
mass ions and hence to the loss of resolving power. 
Furthermore, the thermal motion of ions moving with 
equal speeds toward and away from the source exit 
prior to the application of the extraction field results 
in the “turn-around“ separation between isomass ions 
ultimately having identical on-axis energies. The dete- 
rioration of resolving power due to this turn-around 
problem has normally been most severe, necessitating 
the use of high extraction field gradients that mini- 
mize the turn-around time in pulsed ion sources. Un- 
fortunately, the use of large field gradients exacerbates 
the spatial problem; this incompatibility between space 
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focusing and energy focusing with gaseous samples 
has. been described in the literature [ 11, 131. Produc- 
tion of ion packets by modulation of continuous beams 
eliminates the turn-around problem because all ions 
in the accelerated beam are moving in the same direc- 
tion. Furthermore, this elimination of the turn-around 
effect permits low extraction gradients to be used, 
which significantly decrease the energy spread caused 
by the initial spatial distribution. For these reasons, 
studies of beam modulation have been undertaken in 
an effort to achieve adequate mass resolving power in 
GUMS with TOF instrumentation. Both the theoretical 
and experimental results reported here demonstrate 
that beam deflection TOFMS is a viable technique for 
GUMS when used in combination with time-array de- 
tection. 
Methodology 
The beam deflection TOFMS used for this study was 
constructed by adapting the electron impact ion source 
from a DuPont 21-491B double-focusing mass spec- 
trometer to a Bendix 12-101 TOFMS flight tube hav- 
ing a 2.1 m length. The ion source was operated at an 
accerating potential of 3 kV in a continuous ion extrac- 
tion mode. The ion beam enters the flight tube region 
where beam modulation takes place. The beam de- 
flection assembly was constructed from copper-plated 
circuit boards and consists of two plates, 1.4 cm in 
length > 2.0 cm in height, separated by a distance of 
1.3 cm. This assembly was placed about 2 cm past the 
source exit slit. A Galileo CEMA detector was used 
to collect the ion current. The overall geometry of the 
instrument is shown in Figure 1. 
Two dynamic voltages are used in tandem to mod- 
ulate the continuous ion beam. Initially, the voltage 
applied to one of the plates is held at +63 V, while 
the voltage applied to the other plate is 0 V. When 
beam modulation is desired, these voltage levels are 
switched, in approximately 10 ns, to 0 V and +63 V, 
respectively. This is equivalent to the case in which 
one plate is held at ground potential throughout the 
experiment while the other plate is swept from -63 
Figure 1. Schematic diagram of the beam-deflection TOFMS in- 
strument. The parameters of interest include the beam width, 
B, the deflection plate separation, D, the flight-path length, L, 
and the detector aperhue width, S. Ions are accelerated by the 
voltage V, applied between the source block and the source exit 
slit. Beam deflection is accomplished by the voltage Vd applied 
to the upper and lower deflection plates as shown (see text). 
V to +63 V (i.e., Vd = 63 V for the equations given 
below). The dual-voltage approach is used so that the 
magnitude of the field reversal can be twice as great, 
for the same rise time, as would be possible with only 
one pulsed voltage. The new voltage applied to each 
plate is maintained for 100 us, which allows all of the 
ion packets to strike the detector surface before the 
next ion modulation occurs. This modulation gener- 
ates a new set of ion packets, but the signal produced 
by these ions is ignored by the detection equipment 
so that only transients generated by every other mod- 
ulation are collected. This process, which allows a 5- 
1<Hz sampling rate, is used in order to avoid difficulties 
caused by asymmetry between the rising and falling 
edges of the deflection pulses. The beam modulation 
circuitry was designed in-house; schematic diagrams 
for the circuits may be obtained from the authors. 
Computer programs used for the simulations were 
written in VAX-11 C and run on a Digital Equipment 
Corporation VAXstation 3200 computer (Maynard, 
MA). The animation program was written in Microsoft 
QuickC (MicroSoft, Redmond, WA) and run on an 
IBM-AT compatible computer. 
Theory 
Models for Beam Modulation Techniques 
The ideal desired behavior of all beam modulation 
techniques is illustrated in Figure 2; a packet having 
an arbitrarily short temporal width is “chopped” out 
of a continuous beam. Note that the packet retains 
the kinetic energy distribution present in the original 
beam and is finite in spatial and temporal width; these 
are the only nonidealities if the fringing fields near 
the ends of the deflection plates are ignored. All ions 
depicted in Figure 2 and throughout this work have 
the same mass-to-charge ratio. In actual operation, of 
course, an instrument would produce ions of various 
masses. Ion trajectories in a beam deflection instru- 
ment are independent of mass, though the velocities 
of the different isomass packets are mass-dependent. 
Modulation techniques have so far all relied upon 
deflection of the beam by an electric field, generated by 
some voltage function V(t), applied across a pair of de- 
flection plates between which the ions pass. Some por- 
tion of the beam is deflected across an aperture, caus- 
ing an ion packet to emerge from the opposite side. 
Various V(f) functions may be used to generate ion 
packets via at least three modes of ion behavior. The 
ion behavior patterns corresponding to these modes 
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Figure 2. Ideal ion behavior in beam modulation; the process es- 
sentially yields a slice from the continuous beam. Arrow lengths 
indicate relative ion velocities; only isomass ions are considered. 
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Figure 3. Three models for beam modulation techniques. Iso- 
mass ions are shown to pass through a pair of deflection plates 
and move toward an aperture. Relative duration and polarity of 
the deflection voltage pulse is indicated for each case. The darker 
shading indicates ions that will pass through the aperture and 
form the ion packet. (a) Gate model; (b) Impulse Sweep model; 
(c) Differential Impulse Sweep model. 
are illustrated in Figure 3. These include a pattern re- 
ferred to here as the Gate mode, as well as the Impulse 
Sweeping and Differential Impulse Sweeping modes 
that were identified by Fowler and Good [l]. In each 
of these modes, the “default” condition, which exists 
before and after application of the packet-forming volt- 
age pulse, is the deflection of the ion beam away from 
the aperture. In the Gate mode (Figure 3a) the field 
changes to allow the beam to pass directly through 
the aperture for some period of time; at the end of 
this time the field returns to its original state. In this 
mode V(t) serves most closely as a “gate,” either pre- 
venting or allowing passage of ions through the aper- 
ture. The Impulse Sweep mode (Figure 3b) is similar 
to the Gate mode in that the field is pulsed “on” for a 
period of time and then returned to its original value. 
In Impulse Sweeping, however, the deflection voltage 
pulse is short in duration, compared to the flight time 
through the plates. The pulse serves to add a velocity 
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component perpendicular to the direction of ion mo- 
tion; the resulting angular trajectories cause part of the 
beam to be swept into the aperture. Here the width of 
the emerging ion packet is related, but not equal, to 
the duration of the deflection pulse. The width and 
ion trajectories are also mass-dependent in this mode. 
Impulse Sweeping has been difficult to accomplish be- 
cause it requires precise geometrical designs as well 
as a voltage impulse of precisely defined amplitude. 
Furthermore, it does not appear to have any advantage 
over the other two modes, so it will not be discussed 
further here. In the Differential Impulse Sweep mode 
(Figure 3c), the deflection voltage switches polarity, 
causing a “kink” to form in the beam. The portion of 
this kink that continues to move paraUe1 to the original 
beam passes through the aperture to form the packet. 
A referee has noted that a type of Differential Impulse 
Sweeping could also be accomplished with unequal 
switching voltages. 
The Gate mode is the simplest case. Here the width 
of the ion packet is essentially equal to the duration of 
the deflection pulse (neglecting the intermediate ion 
behavior that occurs when the voltage change takes 
place). Ions that pass through the plates while the de- 
flection field is off continue onward and pass through 
the aperture; those that pass through before or after 
this pulse do not. In the description of this mode, the 
transient ion behavior caused by the voltage change it- 
self is ignored; only the steady-state trajectories either 
through or away from the aperture are considered. Ion 
packets produced in the Gate mode are therefore al- 
ways longer in duration than the flight time of the ions 
through the deflection plate region. This disadvantage 
may perhaps be offset by the fact that the Gate mode 
yields ion packets for which the temporal width is in- 
dependent of mass. 
The transient ion behavior that was ignored in the 
Gate mode is in fact responsible for packet formation 
in the Differential Impulse Sweep mode. This mode is 
therefore capable of producing much shorter ion pack- 
ets. Consider ions that enter the deflection plate region 
just before the switch in the fieId direction. (The time 
under consideration here is somewhat earlier than that 
of the “snap shot” shown in Figure 3c.) These ions are 
deflected downward as they travel through the region, 
When the field changes polarity, however, they begin 
to experience an upward force. Those ions that have 
traveled half-way through the plate region when the 
pulse occurs will experience equal durations of down- 
ward and upward forces and thus exit the region mov- 
ing parallel to their original trajectory. The aperture is 
assumed here to be located in line with the initial beam 
axis and the deflection plates. Some ions very near to 
the exact half-way point of the deflection plate region 
at the time of the field reversal will also obtain final 
trajectories that allow for their passage through the 
aperture. The extent to which this occurs contributes 
to the temporal width of the packet and will be dis- 
cussed in the following section. 
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As derived by Bakker [2], the temporal base width of 
an ion packet resulting from the Differential Impulse 
Sweep process is given by the expression 
where B is the beam width, S is the aperture width, D 
is the deflection plate separation, L is the distance be- 
tween the plates and the slit, and V,, and v,+ are the ac- 
celeration and deflection voltages, respectively. (That 
is, the deflection VOkage switches from -vd to +vd .) 
The subscript in wi is meant to represent “ideal” be- 
cause this is the width that would be obtained if the 
ion beam were ideal in terms of kinetic energy and an- 
gular dispersion. The principal assumptions for eq 1 
are that the rise time for the voltage change is neg- 
ligible and, more importantly, that the distance from 
the plates to the aperture, L, is much greater than the 
length of the plates. (Note, however, that the actual 
plate lengths do not appear in the expression.) This 
latter assumption implies that the aperture should not 
be placed near the deflection plates but rather at the 
detector. In fact, it is possible for the detector surface 
itself to serve as the aperture. 
In addition to the ideal width wl derived by Bakker, 
the packet is broadened by the kinetic energy distribu- 
tion of ions within the packet. Two ions leaving an ini- 
tial position x = 0 simultaneously, but with differing 
kinetic energies U and (1 + P)U, will arrive at a loca- 
tion x = L separated in time by At i= ~L(2m/U)1~2/4. 
Thus, an ion packet having negligible initial width but 
with a normal kinetic energy distribution having stan- 
dard deviation oU would be broadened, after traveling 
distance L, to have a half-width given approximately 
by 
i 
2m pL 
wu = 
V,e 4 
where p = 2.35au/&. 
A third cause for packet broadening was identified 
in this study for ion beams having nonzero angular 
divergence. Consider the two ions shown in Figure 4. 
The lower ion enters with no off-axis energy and is 
initially accelerated downward by the deflection field. 
As it reaches point a, half-way through the plate re- 
gion, the field reverses and accelerates the ion in the 
upward direction. Since downward and upward force 
are experienced for equal periods of time, the ion 
leaves the region with no off-axis energy and thus is 
included in the final packet. The upper ion enters the 
region At seconds prior to the lower ion and at an angle 
0 from the beam axis. Due to its off-axis energy, this 
ion continues to move upward for a period of time but 
is eventually deflected downward by the electric field. 
This ion experiences the downward force longer than 
Figure 4. Two ions entering the deflection plate region with dif- 
ferent trajectory angles. Field reversal occurs when the lower ion 
is at point P and the upper ion is at point b. 
the lower ion does because the upper ion travels to 
point b before the field reverses. This longer duration 
of the applied downward force, followed by a shorter 
duration of upward force (experienced from point b 
to the end of the deflection region), compensates for 
the initial off-axis energy. The ion therefore leaves the 
region parallel to the beam axis and is included in the 
fiial packet, despite being offset from the ideal ion by 
a time At. 
The value of At that satisfies these conditions may 
be related to off-axis angle, 0, as follows. Consider an 
“ideal” (Le., initially on-axis) ion traveling with the 
most-probable velocity uo = (2V,e/m)“2. An ion en- 
tering the deflection plate region with an off-axis angle 
8 will have a velocity vector perpendicular to the beam 
axis given by u,, = v,, cos 0. When leaving the region, 
however, the perpendicular velocity vi is zero. If the 
ideal ion passes half-way through the plate region in 
time +, then the off-axis ion experiences downward 
and upward forces for times tlj2 + At and tl12 - At, re- 
spectively. The final perpendicular velocity of the off- 
axis ion is related to the initial value by the expression 
u; = 0 = ug sin0 ~ g (t1/2 + At) + g (t1/2 ~ At), 
mD 
which rearranges to At = 2Vde u0 sin 8. This repre- 
sents the broadening of the peak to lower flight times 
due to ions with trajectories that diverge in the up- 
ward direction. (Only two-dimensional motion in the 
plane of Figure 4 is considered here.) For a true beam 
having a divergence half-angle of 0, those ions having 
trajectory angles in the downward direction will cause 
similar broadening to higher flight times as well. Thus 
the quantity 2At could be used to approximate the base 
width of a packet broadened only by this angular ef- 
fect, yielding 
Equation 3 yields an underestimate of peak broaden- 
ing due to the angular effect, however, because it is 
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not necessary for ions to be moving exactly parallel to 
the beam axis as they leave the deflection region in 
order to pass through the aperture. Consider, for ex- 
ample, an ion that enters the deflection region with the 
same trajectory as the upper ion discussed above but 
slightly ahead of it in time. This ion would experience 
even more net downward force than the upper ion 
pictured in Figure 4, and would thus leave the region 
with a small downward velocity component. This final 
trajectory could, however, still carry the ion through 
the aperture (at a position somewhat below the point 
at which the pictured ion passes through). Ions acting 
in this way, as well as the analogous ions having initial 
downward motion, serve to futher increase the final 
packet width. Though eq 3 cannot be used to obtain 
the complete magnitude of the peak broadening due 
to angular divergence, the digital simulation described 
below can be used to measure this effect. 
The broadening caused by ions with positive and 
negative initial trajectory angles need not be symmet- 
ric because in both cases the forward velocity (in the 
direction of the beam axis) of these off-axis ions is re- 
duced from the ideal velocity by a factor of cos 8 for 
ions having the same kinetic energy. The flight time 
for ions having an initial downward velocity compo- 
nent is increased over that of the ideal ion both by 
their lower velocity in the beam axis as well as the an- 
gular effect described above. For the ions having some 
initial upward motion, however, flight times tend to be 
decreased by the angular effect but increased by their 
reduced velocity. The net result of this is that the peak 
is skewed toward higher flight times. 
It is difficult to combine the expressions for WI, w u, 
and wg directly to obtain an expression for true peak 
width, but any of the expressions can be used alone 
to approximate peak widths for cases in which one 
effect (geometry, energy distribution, or angular di- 
vergence) predominates. The combination of the three 
effects was explored by means of digital simulations 
as described below; the individual expressions were 
useful for checking the validity of these simulations as 
Figure 5. Illustration of ion behavior modeled by the simulation 
program (see text). 
dicated, by means of Runge-Kutta integration through 
the deflection plate region and onward to the aper- 
ture. Flight times for those ions found to pass through 
the aperture are tabulated in the form of a histogram 
to generate the peak shape. The three solid regions in 
Figure 5 are meant to indicate the locus of points occu- 
pied by these ions at three instants in time: prior to en- 
tering the deflection region, part-way along the flight 
path, and just after passage through the aperture. (See 
ref 2 for a complete description of the shapes of these 
regions.) 
An example of the output from this program is 
given in Figure 6 for the parameters shown in Table 1. 
The peak widths obtained by this simulation method 
may be approximated by means of eqs l-3 by using cal- 
culated values of WI, WU, and wg to obtain estimates 
of peak variances. The variance of the overall peak is 
then given by the sum of the contributing variances. 
Examples of this process and comparisons with the 
simulated peaks are summarized in Table 2. Values 
for variances shown in parentheses were calculated as 
the difference between the other simulated values un- 
der the additivity-of-variances assumption. The peak 
III w 
Simulations 
In order to explore the combination of the energy 
spread and angular divergence effects with the ideal 
packet width given by eq 1, computer programs were 
developed to mode1 ion packet behavior. First, an ani- 
mation program was developed that illustrates ion be- 
havior in beam modulation by moving colored dots, 
representing individual ions, across the screen of an 
IBM AT-compatible computer. (This program was used 
to ascertain the pattern of ion motion shown in Figure 
4.) Then a simulation program was written to gener- 
ate veak shaves for beam modulation TOFMS. The 
method used’for this simulation will be explained with 
the aid of Figure 5. The program models the motion of 
various ions, chosen systematically from the region in- 
150.62 150.64 150.68 150.68 
FlightTimeQls) 
I I I 
999.6 1000.0 1000.4 
ml2 
Figure 6. Simulated peak shape for m/z 1000. - = Bakker 
effectonly; .I’.*. = Bakker effect with energy dispersion; --- - - - 
= Bakker effect with angular dispersion; - - - - = all effects 
combined. 
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Table 1. Parameters used for simulated beam 
deflection peak shape 
m 1000 u 
V, 500. v 
Vd 100. v 
L 1.500 m 
D 0.005 m 
s 0.005 m 
I3 0.003 m 
B 0.1" 
B = (ks T/2) = 0.0215 eV 
shape obtained by the Bakker effect alone may be ap- 
proximated as a triangle. (This was found to yield more 
accurate results than a rectangular peak shape.) The 
variance of an isosceles triangle having a base width WI 
is given by w:/24. Similarly, the variance contributed 
by the angular effect may be approximated by wz/lZ; 
a rectangular peak shape is assumed here to model 
cases in which all values of B within the limits given 
are equally likely. If the peak shape corresponding to 
the energy effect is assumed to be normal with a stan- 
dard deviation of wu/2.3S, the variance contributed by 
the energy effect is then (w~/2.35)‘. The accuracy of 
the simulated peak variances cannot be well character- 
ized without, for example, detailed Monte Carlo anal- 
ysis, but these widths are believed to fall within a few 
percent of the true values. Note that the prediction of 
peak widths from variance calculations is unreliable, 
in particular for the angular divergence effect. This is 
due to the variety of peak shapes (nearly rectangular 
to nearly Gaussian) that can occur as the various pa- 
rameters are altered. For cases in which the angular 
divergence is very small (e.g., 0 < O.Ol’), the predic- 
tions can be quite accurate; this was the case in the 
experimental study described below. 
lected in 1 s and summed by the integrating tran- 
sient recorder (RR) [14]. A comparison of peak base- 
widths for major ions in this spectrum to those pro- 
duced by digital simulation is shown in Table 3. For 
the simulated data, parameters matching the physi- 
cal dimensions and voltages of the instrument were 
used, namely L = 2.1 m, S = 6.35 mm, B = 0.13 
mm, D = 13 mm, V, = 3000 V, and Vd = 63 V. 
The standard deviation of the kinetic energy distribu- 
tion, ou, was approximated as 0.5 eV based on the 
potential distribution within the source; the angular 
divergence of the beam was neglected. The slope of 
base-width vs. a for the experimental values is 
calculated to be 3.7 f 0.2 ns, and that for the simulated 
data is 4.0 f 0.1 ns, demonstrating that the instrument 
performance follows the theory described above. An 
“expected” slope can be obtained by summing eqs 1 
and 2, then factoring out m. This procedure yields a 
value of 3.9 ns if p is assigned a value of 6ou/Uo to 
represent base-widths. This simple method is not ap- 
propriate when the angular divergence is large, but it 
is quite adequate for this case. 
Practical Considerations 
Mass Resolving Pcwer 
The PFTBA spectrum shown above was obtained with 
unit or better mass resolution up to at least m/z 502. 
An estimate of the upper mass limit for unit mass re- 
solving power with this instrument can be found as 
follows. The flight time separation between ions of two 
adjacent m Jr values is given by 
where u is the atomic mass unit. Equation 4 may be 
approximated by the first term of the Taylor series as 
Experimental Results 
A spectrum of perfluorotributylamine (PFTBA), ob- 
tained by direct inlet introduction with an ion source 
temperature of 150 “C, is shown in Figure 7. These 
data result from the integration of 5000 transients col- 
At x LJ;; 
2dW 
In the previous section, the peak base width was found 
to be given approximately by 3.9@ 11s. (Either the 
experimental slope or the value found via simulation 
Table 2. Comparison of peak variances obtained from calculation using eqs l-3 and 
from digital peak shape simulation 
Source of 
peak broadening 
Calculated 
base width 
x 10-S 52 
Calculated 
variance 
x lo-‘8 s* 
Simulation 
variance 
x lo-‘* sz 
Bakker effect 
Energy 
Angle 
Bakker + energy 
Bakker + angle 
Bakker + energy + angle 
13.6 8 9 
7.7 11 (11) 
8.9 7 (161 
19 20 
_ 15 25 
- 26 35 
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Figure 7. Mass spectrum of PFTESA collected by beam-deflection TOFMS. Typical peak shapes are 
sh&vn in the insei for m/z 219 and m/z 220. 
could also be used.) For simplicity, the width at half- 
height (seconds) may be approximated as half of this 
value, thus 
W1,z % 2.0 x lOW&Y$ (6) 
Setting At r- w112 yields the m/z value at which peak 
separation just equals peak width at half-height, and 
hence the approximate upper m/z limit for unit mass 
resolving power. For the parameters in this example, 
this upper limit is an m/z value of 710. 
An improvement could be made if an ion mirror 
were incorporated into the instrument. The ion mirror 
would remove the effect of the energy dispersion and, 
in addition, increase the effective flight path length 
Table 3. Comparison of measured and simulated peak 
base widths 
m/z Measured ( + 5 nsl Simulated (+3 ns) 
69 40. 38. 
100 36. 42. 
131 52. 46. 
219 64. 61. 
264 67. 69. 
502 88. 92. 
by a factor of four. (The decreased flight time in the 
mirror contributes a factor of two, while the travel in 
the forward and reverse directions through the flight 
path contributes another factor of two.) In this case, the 
expected slo e is obtained from eq 1 alone and has the 
value 2.5 v+ m/z ns. Using this value, and replacing L by 
4L in eq 5, the upper m/z limit increases to 4400. This 
is certainly adequate for most GUMS applications. 
Signal-to-Noise Considerations 
It would appear that beam modulation in TOFMS 
would experience greatly reduced detectability and 
sensitivity due to the very small portion of the ion 
beam that is selected for detection. In addition, it 
would appear that the beam dimensions required for 
beam deflection, which are much smaller than those 
in conventional TOFMS, would further contribute to 
poor ion statistics. It is important to realize, however, 
that during the time an ion packet is striking the detec- 
tor, the measured ion flux is the same as that seen from 
a continuous beam. The advantage of the continuous 
beam lies in the possibility of averaging the ion inten- 
sity measurements over a longer period of time. This 
advantage results in an improvement in signal-to-noise 
ratio (SIN) equal to the square-root of the ratio of the 
measurement times. A TOF instrument with a packet 
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width of 10 ns and an extraction repetition rate of 10 
kI3z would have an S/N 100 times worse than a contin- 
uous beam scanning instrument when used to monitor 
a single m/z value. In practice, scanning sector mass 
spectrometers generally have much lower ion trans- 
mission efficiencies than TOF instruments due to the 
smaller apertures required throughout the flight path. 
In quadrupole mass spectrometers ion transmission is 
also limited by the acceptance angle and apertures re- 
quired. Because scanning mass spectrometers act as 
mass-selective filters, the ion transmission generally 
decreases as the mass resolving power is increased. On 
the other hand, a TOFMS system that focuses (rather 
than filters) the ions can intensify the peak current 
rather than just reducing the peak width, as resolv- 
ing power is increased. Because the ion mirror is a 
focusing device and, without grids, can be made with 
excellent (ca. 90%) transmittance [15], the peak current 
in a mirror TOF instrument can be higher than the av- 
erage instantaneous beam current for the same mass. 
These factors tend to counteract, to some degree, the 
decrease in S/N predicted from the duty cycle consid- 
eration alone. 
at least equal to and potentially much better than a 
scanning filter instrument in scanning mode. The in- 
creased data rate available with TOFMS with ITR de- 
tection can be used to great advantage when spectra 
are to be collected under conditions of rapidly chang- 
ing sample pressure in the source such as encountered 
with high-performance chromatography. 
Conclusions 
Beam deflection is becoming a common technique in 
TOFMS, yet beam deflection systems are often de- 
signed with the assumption that the ion behavior so 
produced wiIl follow the Gate model. For optimum 
time-resolution, however, the more complex Differen- 
tial Impulse Sweep mechanism is required. This study 
showed that accurate predictions of ion behavior under 
this model can be obtained either by simple inspec- 
tion of the equations given or by digital simulation 
of ion motion. Such predictions can be of assistance 
in the design of beam deflection TOFMS instruments. 
The study also demonstrated that a beam deflection 
TOFMS instrument incorporating an ion mirror and an 
ITR would have mass resolution and sensitivity suit- 
able for modern GUMS applications. 
In the previous paragraph, the ion intensity at the 
peak arrival time for an ion of a particular m/z in a 
TOF instrument is compared with the peak ion inten- 
sity for that same m/z in a mass scanning instrument 
that is fixed at the optimum setting for the m/z being 
monitored (selected-ion-monitoring, or SIM, mode). 
To compare TOF and scanning instruments for modes 
in which full spectra are generated, other factors need 
to be considered. In scanning mode, the scanning in- 
strument monitors a single m/z window at a time. The 
average time spent at each window is equal to the 
scan time divided by the number of mass values sam- 
pled, assuming no dead time between values. With 
TOFMS using boxcar integrator detection (sometimes 
called time-slice detection), the output signal also rep- 
resents the intensity of only one arrival time window 
at a time. The delay time for the sample window of 
the boxcar integrator is stepped or scanned to obtain 
a mass spectrum just as in the scanning filter mass 
spectrometers. For this type of detection, the relative 
S/N for both scanning and TOF mass spectrometers 
would be equal to that discussed above for the SIM 
mode. The duty cycle disadvantages of TOF are off- 
set, at least partially, however, by its transmittance and 
focusing advantages. 
A very significant advantage can be seen for TOF, 
however, when time-array detection is performed us- 
ing an ITR. The ITR acquires, for all time slices within 
the collection period, the same information the box- 
car integrator does for only one. For an ITR that stores 
8192 samples per transient, the effect is an S/N im- 
provement of v4EE x 91 times that of the scanning 
boxcar data collection system. Because the scanning 
boxcar data system has, at worst, a 100~times lower 
S/N than the scanning filter instrument, the TOF spec- 
trometer with an l’TR and mirror should have an SIN 
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